FAP is characterized by hundreds of adenomas throughout the luminal gastrointestinal tract that develop during early adolescence. Starting from the caudal end of the tract and working downward, fundic gland polyps (FGPs) are benign lesions commonly seen within the stomach; however, up to Keywords ► familial adenomatous polyposis ► Turcot syndrome ► Gardner syndrome Abstract Familial adenomatous polyposis (FAP), caused by a germline mutation in the adenomatous polyposis coli (APC) gene on chromosome 5q21, is an autosomal dominant disorder characterized by hundreds to thousands of adenomas throughout the gastrointestinal tract. A variety of extraintestinal manifestations, including thyroid, soft tissue, and brain tumors, may also be present. These patients inevitably develop colorectal carcinoma by the fourth decade of life. In this review, the pathology, epidemiology, and genetic features of FAP are discussed.
Introduction
Familial adenomatous polyposis (FAP) is an autosomal dominant disorder, caused by an inherited mutation in the adenomatous polyposis coli (APC) gene on 5q21, with a frequency that ranges from 1 in 6,850 to 29,000 people. Approximately 10 to 30% of patients will develop FAP spontaneously without a family history. 1 There is often genotypic variation, as mutations can occur at several different sites in the gene, leading to divergent phenotypes. Environmental and dietary factors are also thought to contribute to the variation in clinical expression. 2 FAP patients usually have greater than 100 gastrointestinal polyps, often in the range of thousands (►Fig. 1). Although adenomas are usually absent until puberty, the number and size of adenomas increase drastically until the gastrointestinal tract becomes completely filled by these dysplastic polyps. By the age of 30 years, almost three-quarters of afflicted patients develop colorectal carcinoma, and the average age of death is 42 years. 3 The first and second most common causes of FAP-related mortality are metastatic colorectal carcinoma and desmoid tumors, respectively. 4 Common symptoms include abdominal pain, diarrhea, hematochezia, and melena. Patients may also present with severe dehydration due to electrolyte imbalances and depletion from diarrhea and mucous discharge. Adenomas at the ampulla of Vater can obstruct bile flow and pancreaticobiliary enzymes, leading to acute pancreatitis. 5 The diagnosis of FAP is not particularly challenging, since symptomatic patients will undergo colonoscopic evaluation and the endoscopic impression is fairly unique. After molecular confirmation, family members should be placed under the appropriate screening protocol. Children of FAP patients should be screened by genetic testing and begin flexible sigmoidoscopy by age 10 years, with annual subsequent exams. 6 One of the most cost-effective methods for FAP screening is a fundoscopic examination looking for congenital hypertrophy of the retinal pigment epithelium (CHRPE). This is seen in up to 90% of FAP patients, even including infants. 7 In addition to gastrointestinal polyps and malignancy, other associated pathologic findings include hepatoblastomas, desmoid tumors, and brain cancer, which can be fatal. Therefore, even a prophylactic colectomy is not completely effective in reducing these patients' mortality risk. 8 25% of FGPs in FAP patients harbor foveolar dysplasia. 9 Sporadic and FAP-associated FGPs also demonstrate differences at the molecular level. Sporadic FGPs often show somatic mutations in the β-catenin gene at exon 3. This mutation is not seen within FGPs of FAP patients. Instead, the common genetic mutation in this latter group is a second somatic APC hit on top of a germline APC mutation. While there are similarities in the mutational pathways between sporadic and FAP-associated FGPs, there are clear differences in the initial mutation. 10 Adenomas can be seen in the small intestine, with approximately two-thirds located in the periampullary region. 4, 11 Progression of adenomas in the small intestine to adenocarcinoma is the third leading cause of mortality in FAP patients.
The pathognomonic feature of FAP is the presence of hundreds of adenomas within the colon and rectum. The rectum is almost always involved, and the length of the large intestine is carpeted by adenomas. There is variation in size and shape, ranging from less than 1 mm to greater than 1 cm in size. The number of polyps can be less than 100 to more than 5,000. The adenomas are histologically similar to spontaneous tubular adenomas, with elongated, hyperchromatic nuclei lining the crypts. There is no surface maturation, and some adenomas may focally demonstrate fingerlike villous extensions. Rather than the typical polypoid configuration, some adenomas are flat and can grow in a horizontal fashion. A proctocolectomy is necessary, since the adenomas invariably progress to colorectal carcinoma by the age of 35 to 40 years. These cancers are more likely to be seen on the left side of the colon. [12] [13] [14] 
Nongastrointestinal Diseases
There is extensive phenotypic diversity in FAP patients. Lesions may involve several organs outside the gastrointestinal tract. Along with the initial mutation, there are likely additional factors that contribute to these variations. Bile from FAP patients has been theorized to cause more muta-tions than bile from non-FAP patients, potentially affecting the APC gene or other genes in the progression of dysplasia to carcinoma. Others have postulated that the hormonal or environmental milieu may influence FAP manifestations due to a strong predilection of thyroid cancer in female FAP patients and desmoid tumors (abdominal fibromatosis) discovered after trauma. [15] [16] [17] A common extraintestinal lesion in FAP patients is CHRPE. This benign finding occurs in approximately 70 to 80% of patients and is often present at birth. It is asymptomatic and does not demonstrate progression into a malignancy. [18] [19] [20] CHRPE can be visualized on fundoscopic examination of the eye. Bilateral, multiple CHRPEs are a specific feature for FAP, with 95 to 100% specificity. 21 It is an excellent diagnostic modality for testing family members before moving to genetic testing. The histologic features of CHRPE demonstrate hypertrophy of the retinal pigmented epithelium (RPE) with cells that are up to twice as large as normal RPE cells. These RPE cells are filled with melanin granules and lose their nuclear basal polarity. Electron microscopy shows that the pigmented cells of a CHRPE contain melanosomes rather than lipofuscin. 22 Thyroid cancer is also associated with FAP. The most common thyroid cancer among FAP patients is papillary thyroid carcinoma. They are often multifocal and confined to one thyroid lobe. From a prognosis standpoint, FAPassociated thyroid cancers behave nonaggressively, with a low incidence of metastatic disease and mortality rates within a decade; sometimes, they appear as a rare variant, known as cribriform-morular papillary thyroid carcinoma, that is almost always seen only in patients with FAP. [23] [24] [25] [26] [27] Papillary thyroid carcinomas demonstrate a characteristic papillary architecture with pathognominic cytologic features such as nuclear clearing, pseudostratification, nuclear grooves, and pseudoinclusions. 28 Desmoid tumors, or fibromatosis, are a rare tumor caused by mutations in the β-catenin gene. 29 They are typically present in the abdomen and can involve the mesentery or abdominal wall; less commonly, they are seen within the limbs. 30 Approximately 15% of FAP patients have desmoid tumors. 31 These tumors are locally invasive and are the second leading cause of death among FAP patients. 4 This is due to the numerous complications that can occur from the locally aggressive nature of these tumors or the surgical interventions necessary to remove these lesions, which do not always succeed in removing the entire tumor. Complications can include bowel obstruction, perforation, bleeding, and fistula formation. 30 Desmoid tumors are poorly circumscribed tumors with either a well-circumscribed or infiltrative growth pattern at its interface with the normal surrounding tissue. There is also considerable variability in cellularity between a bland, hypocellular fibroblastic proliferation composed of spindle cells with bland nuclei, and a more cellular proliferation. Rare mitoses and perivascular chronic inflammation may be present, and the stroma has an eosinophilic, dense, collagenous appearance. Blood vessels within the tumor may be dilated. 32 Hepatoblastoma, a rare liver tumor affecting children, can be fatal if left untreated. FAP patients have a 1:235 incidence of hepatoblastoma, compared with the general population incidence of 1:100,000 to 1:1,000,000. 33 There are two main variants of hepatoblastoma: epithelial and mesenchymal. The epithelial type shows tumor cells arranged in a variety of patterns, forming trabeculae, tubules, acini, or papillae. This type shows recapitulation of the liver architecture. Depending on the predominant pattern, epithelial hepatoblastomas can be further subclassified into different patterns: fetal, embryonal, anaplastic, and macrotrabecular. The mixed epithelial and mesenchymal type is characterized by an epithelial component and foci of mesenchymal differentiation, forming cartilage, bone, or skeletal muscle. Hepatoblastomas are characterized by constitutive activation of the Wnt/β-catenin signaling pathway, leading to increased cellular proliferation. Other characteristic chromosomal abnormalities include overexpression, deletions, translocations, and trisomies. 34 
Variants of FAP Turcot Syndrome
In 1959, Turcot described two cases of malignant central nervous system (CNS) tumors arising in patients with diffuse colonic polyposis. 35 Since then Turcot syndrome has become synonymous with gastrointestinal polyposis (FAP or Lynch syndrome) patients who develop tumors of the CNS, most commonly medulloblastoma. Medulloblastomas arise from embryonal cells and are aggressive brain tumors found primarily in children. Of all primary CNS tumors in childhood, they comprise about 20%. Patients usually present with seemingly benign symptoms of headache, malaise, and vomiting due to increased intracranial pressure. It was determined that patients with an APC gene mutation between codons 697 and 1224 are at a 13-fold increased risk of developing medulloblastoma. The incidence of medulloblastomas in FAP patients is greatest before the age of 20 years. 36 Histological classification of medulloblastomas includes classic medulloblastoma as well as four other variants: medulloblastoma with extensive nodularity, desmoplastic nodular, anaplastic, and large cell. Classic medulloblastomas are the most common form and are characterized by sheets of densely packed, small, mitotically active, basophilic cells with high nuclear-to-cytoplasmic ratio. Medulloblastoma with extensive nodularity has an expanded lobular architecture because of reticulin-free zones and a streaming pattern similar in pattern to a central neurocytoma. This is in contrast to the desmoplastic nodular variant, which has far fewer reticulin-rich components. 37 Desmoplastic nodular and medulloblastoma with extensive nodularity are thought to have more favorable outcomes compared with classic medulloblastoma. 37, 38 Anaplastic medulloblastoma has marked nuclear pleomorphism, nuclear molding, cell wrapping, high mitotic activity, and prominent atypia. Because of sizable overlap between large cell medulloblastomas and anaplastic medulloblastomas, it is not uncommon for these two variants to be in a combined category. Large cell variant is classified by spherical cells with round nuclei, open chromatin, and prominent central nucleoli. 37 While histology has guided medulloblastoma research in the past, within the last decade, four recognized molecular subgroups of medulloblastoma have emerged: Wnt, SHH, Group 3, and Group 4. Of these, SHH is more common in infants (<3 years old) and adults (>16 years old) compared with Group 3 and 4, which are most common in children (>3 years old). 39, 40 The Wnt subgroup has a loss in chromosome 6 and has no amplification of MYC or MYCN, which have been found to be markers of poorer prognosis. 39 This tumor type often displays classic histology, a higher female incidence, and excellent long-term prognosis. 39, 41, 42 The SHH subgroup is found to have high expression of MYCN 41 ; however, it appears that several genes are involved in the development of this tumor. Histologically, this subgroup is an amalgam of all variants; however, the desmoplastic nodular variant has been classified as SHH. 42 Tumors in Group 3 have high expression of MYC, 39, 41 are more likely to metastasize and reoccur, 41 and generally have a poor prognosis. The genetic underpinning of Group 4 is thought to be isochromosome 17q, which is found in 80% of cases. 42 Group 3 and Group 4 are less understood in comparison to the other subgroups. Subgroup affiliation and metastatic status have been found to be the most powerful predictive prognostic biomarkers, an important future tool in predicting patient outcomes and survival. 43 These will likely be the masthead under which future treatments are defined.
Therapeutic approach to medulloblastomas is a combination of chemotherapy, surgical resection, and radiotherapy. Five-year overall survival with standard treatment is between 70 and 85%. Of the subgroups, the classic histology has a 5-year event-free survival of 84%, desmoplastic tumors 77%, and large-cell anaplastic tumors 57%. 44 MYC and MYCN are poor prognostic factors and, as such, correlate to the poorer prognosis of Group 3 (MYC) and SHH (MYCN). 39 As research into the molecular pathways of these tumors continues to evolve, targeted treatment modalities may keep pace, especially in cases of highly aggressive forms of medulloblastoma.
Gardner Syndrome
Gardner syndrome is characterized by the gastrointestinal findings of FAP (small bowel and colorectal adenomas) along with fibromatosis and thyroid tumors. Osteomas, lipomas, and dental abnormalities may also be characteristic. These extraintestinal manifestations are pathognomonic for a diagnosis of Gardner syndrome. Osteomas occur within the mandible, skull, and long bones. Dental abnormalities include impacted teeth and additional numbers of teeth. Epidermoid cysts are a common dermatologic manifestation, involving the scalp, face, and limbs. [45] [46] [47] 
Attenuated Adenomatous Polyposis
Attenuated adenomatous polyposis coli (AAPC) is a milder form of FAP with a decreased number of adenomas throughout the gastrointestinal tract. These patients have adenomas predominantly on the right side of the colon, which appear to be flat rather than polypoid on colonoscopic examination. The number of adenomas is commonly in the range of 1 to 50, and rarely more than 100. In comparison, FAP patients can have thousands of polyps. Also, the incidence and risk for colorectal carcinoma in AAPC is decreased and appears later in life compared with FAP patients; AAPC patients are afflicted by colon cancer approximately 15 years later than FAP patients but 10 years earlier than patients with sporadic colon cancer. Therefore, AAPC can be seen as an intermediate in biological aggressiveness, with FAP patients on one end of the spectrum and normal patients on the other. 48 
Genetic Features
The molecular pathogenesis that culminates in colorectal adenocarcinoma is versatile, with different pathways leading to this outcome. The two most common pathways are the APC/β-catenin pathway portrayed by the adenoma-to-carcinoma sequence and the microsatellite instability (MSI) pathway. The MSI pathway is caused by mutations in the proteins that are responsible for DNA repair. Each pathway is caused by several mutations in different genes. There are also epigenetic changes, such as methylation-induced gene silencing, which play a significant role in the pathobiology. 49 The classic adenoma-to-carcinoma sequence postulates that there is either a germline or somatic loss of a single normal copy of the APC gene, which encodes a tumor suppressor protein responsible for degrading β-catenin. When β-catenin is not bound to APC, it migrates to the nucleus and activates gene transcription, leading to proliferation of MYC and cyclin D1. The second hit or inactivation of the remaining normal APC allele leads to the dysplastic lesion of adenomas. Additional accumulation of genetic mutations at KRAS, inactivation of TP53, and loss of herozygosity at 18q21 lead to carcinoma. That stepwise sequence is supported by the assertion that KRAS mutations are seen in fewer than 10% of subcentimeter adenomas but greater than 50% of adenomas larger than 1 cm, and in half of invasive adenocarcinomas. 49 In the MSI pathway, there is a defect in the mismatch repair genes (which include MLH1, MSH2, MSH6, and PMS2). As a result, microsatellite repeats accumulate without being repaired. Mi-crosatellites are typically noncoding regions; however, some microsatellite repeats are in the coding or promoter region of genes responsible for cell growth regulation and proliferation. Also, BRAF mutations and CpG island hypermethylation, which silences genes, are also common genetic and epigenetic events in the MSI pathway. 49 The dysplastic lesion arising from this pathway (analogous to the adenoma of the APC/β-catenin pathway) is the sessile serrated adenoma. These lesions are commonly located in the right side of the colon and demonstrate serrations that extend to the base of the crypt, with dilation and outpouchings parallel to the basement membrane. The carcinomas that develop in this pathway have unique histologic features, including extensive mutinous differentiation, a Crohn-like inflammatory response with a peritumoral lymphoid cuff, or signet ring cell differentiation. 50 These changes underlie carcinogenesis in patients with Lynch syndrome (hereditary nonpolyposis colorectal cancer) and are not considered a feature of FAP.
There is a third pathway in the pathobiology of colon cancer determined by CpG island methylation without MSI. Interestingly, many tumors from this pathway have KRAS mutations but most do not harbor TP53 or BRAF mutations. 49 
APC Gene
During the 1970s, a patient with Gardner syndrome was studied by researchers. Cytogenetic studies and restriction fragment length polymorphism analysis on this patient discovered a deletion on chromosome 5 in the q21-q22 region. A decade later, additional research discovered that this region coded for the APC gene, a tumor suppressor gene responsible for regulating β-catenin. If APC function is compromised, there is constitutive activation of β-catenin, leading to loss of cell cycle checkpoints and unregulated cellular proliferation. In the early 1990s, four additional mutations were seen in APC that lead to stop codons and premature termination. 2 The APC gene is located in the q21 region of chromosome 5. It consists of 21 exons, which are retained in mRNA transcript 17. This codes for more than 2,000 amino acids, which may explain why there are a large number of possible mutations. [51] [52] [53] APC is a ubiquitous gene, seen in all tissues, and most of the gene is taken up by exon 15, which comprises more than 70% of the coding sequence and harbors 45% of germline mutations. 48 When there is alternative splicing of different exons, an attenuated version of FAP can be seen. Therefore, posttranscriptional modification is paramount in determining the severity of disease expression. 2 Due to a germline mutation in FAP patients, there is only a single active APC allele. An additional hit or inactivation of the remaining allele initiates the early steps in the progression toward carcinoma. Even small lesions, such as focal adenomatous dysplasia, have been shown to demonstrate inactivation of the second APC allele, confirming it as an early marker in dysplasia. Besides single base pair deletions, which often become stop codons, small deletions and insertions of approximately one to four base pairs lead to significant frame shifts. 48, 51, 52 The initial discovery toward understanding the function of the APC protein was due to immunoprecipitation, as anti-APC antibodies caused the precipitation of β-catenin. This leads to a better understanding of their roles in the Wnt signaling pathway, which is responsible for several cellular processes related to proliferation, apoptosis, and differentiation. Besides its role in the Wnt signaling pathway, APC is also involved in the cell cycle by acting as a checkpoint from the G0/G1 to the S phase. 48 Normally, β-catenin is bound to E-cadherin, an intercellular adhesion molecule located on the surface of the cell membrane. When β-catenin is not bound to E-cadherin, it is quickly degraded by a complex of proteins. These proteins include APC, protein phosphatase 2A, protein kinases, and axin. This protein complex phosphorylates β-catenin, tagging it for degradation and removal by a ubiquitin-mediated process. When the Wnt receptor has been stimulated by the appropriate ligand, the protein complex is inactivated. This lets β-catenin travel in the cytoplasm without being degraded. It enters the nucleus and interacts with Tcf, a group of transcription factors. The appropriate transcript and proteins are produced, and increased cellular proliferation takes place. For patients with FAP, the APC protein is dysfunctional; therefore, the degradation protein complex is unable to bind to β-catenin. Once again, β-catenin is free to enter into the nucleus and bind with Tcf. Several proteins are transcribed, including Wnt, cyclin D1, and c-MYC. 48 Depending on where a mutation occurs along APC, several varying clinical phenotypes may result. The final gene product length determines the severity of gastrointestinal tract disease (number and size of polyps) and the presence of CHRPE or desmoid tumors. Mutations at the 5′ end of the gene have less severe manifestations than mutations at the 3′ end. This attenuated form of FAP is known as attenuated adenomatous polyposis. The manifestations of these molecular biologic changes at the protein level are numerous. For example, abnormal DNA synthesis and activated cellular replication lead to increased ornithine decarboxylase, which is an enzyme involved in mucosal proliferation. 48 
Molecular Diagnosis
Definitive diagnosis of FAP requires molecular analysis of APC. There are several screening methods to establish this. Highresolution melting is a modality for screening whereby the melting process converts double-stranded DNA into singlestranded DNA. This denaturation process is carefully observed, and the melting profiles are compared. Individual fragments have unique melting profiles that indicate mutations in the sequence. Since this is a screening test, all positive results by high-resolution melting necessitate confirmation by sequencing. 2 In looking for a specific mutation, either multiplex ligation-dependent probe amplification (MLPA) or next-generation sequencing can be used. MLPA is based on using probes to hybridize to specific fragments of DNA. These products are amplified by polymerase chain reaction and subsequently quantified. This process can analyze up to 40 DNA fragments. Next-generation sequencing can, with a complete detailed sequence, identify both new and small mutations. 2 
Screening
Once patients are confirmed to have FAP, patients and family members should be regularly screened. This approach led to a 55% decrease in the occurrence of colorectal carcinoma and a marked improvement in survival in this population. 54, 55 Annual sigmoidoscopy or colonoscopy is recommended for FAP patients until the appropriate time for a colectomy is determined. Even after a total colectomy, an endoscopic/colonoscopic procedure is recommended every 6 to 12 months after surgery to assess the anastomosis site, pouch, and residual rectum. 56 
